INTRODUCTION
Fatty acids with unique structures that contain nonmethylene-interrupted NMI double bonds in their molecules occur widely as minor components in marine organisms such as mollusks, algae, echinoderms, sponge, tropical rays, and many other invertebrates 1, 2 , while NMI acids with Δ5 unsaturation occur systematically in gymnosperm seed oils 3 . The content of NMI fatty acids in algae is generally very low 0.5 of the total fatty acids 4 7 , but a considerable amount of 5,11,14-20:3 acid 3.0 4.2 was found in Ascophyllum nodosum, order Fucales 4 .
Several researchers have reported on the fatty acid composition of the total lipids derived from different species of Sargassum Fucales, Phaeophyta , and the major components have been recognized as palmitic acid 16:0 , oleic acid 18:1n-9 , and C 18 and C 20 polyunsaturated fatty acids of n-6 and n-3 series 18:2n-6, 18:3n-3, 18:4n-3, 20:4n-6, and 20:5n-3 8 14 . In addition to these fatty acids, appreciable amounts of 20:2 NMI and 24:1n-9 acids were found in seven Sargassum species isolated from different parts of the world S. miyabei, S. pallidum, S. herklotsii, S. baccularia, S. microcystum, S. turbinariodes, and S. cristaefolum 8 . Khotimchenko 8 suggested that the ratio of 20:4n-6 and 20:5n-3, the content of n-6 fatty acids, and the occurrence of appreciable amounts of rare fatty acids 20:2 NMI and 24:1n-9 were characteristic features of Sargassum species. The 20:2 NMI acid in these Sargassum species 0.1 2.2 of the total fatty acids was ten-tatively identified as 5,11-20:2, based on the equivalent chain length ECL and retention time of the acid obtained from a mollusk 8 . On the other hand, Bhaskar et al. 9, 10 reported that the 20:2 NMI acid in three Sargassum species S. marginatum, S. thunbergi, and S. confusum was 4,9-20:2 by gas chromatography-mass spectrometry GC-MS of the 4,4-dimethyloxazoline DMOX derivatives. These discrepancies prompted us to elucidate the structure of the 20:2 NMI acid in Sargassum species. Our careful GC-MS analysis has revealed that the 20:2 NMI acid in the fi ve Sargassum species examined S. fulvellum, S. horneri, S. boreale, S. thunbergii, and S. yezoense is 5,9-20:2, neither 5,11-20:2 nor 4,9-20:2. This report describes the structural determination of the 5,9-20:2 NMI acid found in the fi ve Sargassum species examined as well as their detailed fatty acid compositions. trifluoroacetic anhydride Fluka, Germany were used to prepare DMOX derivatives. Silver ion solid phase extraction Ag-ion SPE cartridges Discovery TM AG-ION, 750 mg/6 mL were purchased from Supelco Inc. Bellafonte, PA, USA . All other chemicals and solvents Wako Pure Chemicals, Osaka, Japan were of reagent grade or better quality.
Lipid extraction and fatty acid analysis
Lipids were extracted using the Bligh and Dyer method 15 , and then converted to fatty acid methyl esters
FAMEs by heating at 95 for 1 h in 5 HCl in methanol. The resulting FAMEs were confirmed by thin-layer chromatography TLC on silica gel 60 F 254 aluminum sheets Merck, Darmstadt, Germany , using hexane-diethyl etheracetic acid 70:30:1, v/v as the developing solvent 16 .
GC analysis of FAMEs was performed on a GC-14A gas chromatograph Shimadzu, Kyoto, Japan equipped with a flame ionization detector FID and an Omegawax 320 column 30 m 0.32 mm i.d., 0.25-μm film thickness; Supelco Inc., USA . The carrier gas was helium, which was administered at a fl ow rate of 1 mL/min, with a split ratio of 1:50. The injector and FID temperatures were 250 and 260 , respectively. The column temperature was programmed to increase from 160 to 220 at a rate of 2 / min. Peaks were monitored on a Chromatopac C-R6A integrator Shimadzu and identified by using authentic standards GLC-462; Nu-Chek Prep., Elysian, MN, USA , ECL values 17 , and GC-MS, as described below.
2.3 Fractionation of FAME using Ag-ion SPE cartridges FAMEs were fractionated by Ag-ion SPE according to the number and position of double bonds 18 . Before use, the SPE cartridges were conditioned with 4 mL of acetone to remove any moisture, followed by 4-mL of hexane. Total FAMEs about 1 mg in 1-mL hexane were applied to the cartridge, and eluted with 6-mL volumes of hexane containing increasing amounts of acetone 19 . Briefly, 300 μL of 50 w/v 2-amino-2-methyl-1-propanol in toluene were added to 3 5 mg of the FAMEs. After mixing this solution, 50 μL of 1 w/v NaOCH 3 in methanol was added to it. The mixture was incubated overnight in the dark at room temperature, and then, the intermediate was isolated by partitioning between 1 mL of water and 5 mL of hexane-diethyl ether mixture 9:1, v/v . After solvent evaporation, 300 μL of trifluoroacetic anhydride TFAA was added to the extract and incubated at 50 for 45 min. After the reaction was completed, TFAA was evaporated under nitrogen. The resulting DMOX derivatives were purified by TLC on silica gel 60 F 254 -coated glass plates Merck , using hexane-diethyl ether-acetic acid 50:50:1, v/v, R f 0.41 as the developing solvent. The derivatives were dissolved in hexane for GC-MS analysis.
GC-MS
For GC-MS, a Hewlett-Packard model 6890 GC system Agilent Technologies, Wilmington, DE, USA linked to a JEOL JMS-700Tz mass spectrometer JEOL, Tokyo, Japan was used. The latter was operated in the electron impact EI mode at an ionization voltage of 70 eV with a source temperature of 230 . The DMOX derivatives were separated on a fused silica DB-23 capillary column 30 m 0.25 mm i.d., 0.25-μm film thickness; Agilent Technologies . The injector in split mode 50:1 , and the interface temperatures were maintained at 230 , and helium was used as the carrier gas at a flow rate of 1 mL/min. The temperature-programming mode was as follows: 40 isothermal for 1 min, increase to 200 at 40 /min, and then to 240 at 10 /min. 
RESULTS AND DISCUSSION
3.1 GC elution profi les Figure 1 shows the chromatograms of the FAMEs from the total lipids of S. boreale A and S. fulvellum B on an Omegawax 320 column. In addition to the usual peaks of saturated and unsaturated fatty acids, unusual peaks No. 36, 39, and 44 appeared on the chromatograms. Peaks 39 a n d 4 4 w e r e s u p p o s e d t o b e 5 , 1 1 , 1 4 -2 0 : 3 a n d 5,11,14,17-20:4 FAMEs, respectively, by comparison of the retention times of methyl esters of the known fatty acids from gymnosperm seed oils 20 and sea urchin lipids 21 . Peak 36 was supposed to be a C 20 unsaturated FAME from its ECL value see Table 2 . The FAMEs from S. boreale were fractionated into 6 fractions by Ag-ion SPE according to the number and position of double bonds. Peak 36 ap- 20 . The FT-IR spectrum of Fr. 4 showed the absence of an absorption band between 960 and 970 cm 1 trans C-H out-ofplane deformation spectrum not shown , which demonstrated that the peak 36 component had only cis confi guration. Fatty acids from S. horneri, S. thunbergii, and S. yezoense were also examined and showed similar GC elution profi les as those shown in Fig. 1 .
Structural determination of 20:2 NMI acid
To ascertain the positions of double bonds in Peak 36 by GC-MS, a part of Fr. 4 was converted to the DMOX derivative. Figure 2 illustrates the mass spectrum of the DMOX derivative of Peak 36. The fragmentation pattern is very similar to that of 5,9-18:2 and different from that of 5,11-20:2 22 . The double bond at the Δ9 position can be confirmed by a gap of 12 amu between m/z 194 and 206 carbons 8 and 9 , which means that the double bond is between carbons 9 and 10. A more abundant ion at m/z 234 cleavage beta to the double bond gives an additional diagnostic information for the double bond at the Δ9 position 22 . The ions produced by cleavage at the double bond per se are not easily distinguished when the double bond is closer to the carboxyl group than the Δ7 position in the chain 22 . Thus, in this study, it was not possible to confi rm a Δ5 unsaturation for Peak 36 with a gap of 12 amu.
However, this hardly matters as the prominent ion at m/z 180 base peak , which represents cleavage at the center of bis-allylic system, is sufficiently characteristic for a 5,9-NMI diene system in the molecule 22 . The odd-numbered ion at m/z 153 and the intense ion at m/z 166 also support the double bond at the Δ5 position 22, 23 crocystum, S. turbinariodes, and S. cristaefolum was identical to 5,11-20:2 by comparing the ECL value and retention times of the acid obtained from a mollusk. Kaneniwa et al. 6 also identifi ed 5,11-20:2 in several seaweeds, including Chlorophyta, Phaeophyta and Rhodophyta, by using the ECL value and retention time of the known acid obtained from sea urchin lipids. Both the studies did not note the presence of 5,9-20:2. On the other hand, Bhaskar et al. 9, 10 reported that the 20:2 NMI acid found in three Sargassum species S. marginatum, S. thunbergi, and S. confusum was 4,9-20:2 by performing GC-MS analysis of the DMOX derivative, which showed almost the same mass spectrum as that in Fig. 2 . We cannot explain their results regarding the structural analysis of the 20:2 NMI acid. In this study, in addition to 5,9-20:2, two more NMI acids from the algae examined, i.e., 5,9,12-20:3 and 5,11,14,17-20:4, were successfully identifi ed in the above-described manner for key fragments, see 2.6 .
Fatty acid composition
The fatty acid compositions of the total lipids from the fi ve Sargassum species studied are given in was also observed for all Sargassum species examined in our study, but the levels of individual n-3 PUFA were very different among the species, that is, 18:4n-3 was much higher in S. horneri 18.3 than in other species 2.5 7.5 ; 20:5n-3 was much lower in S. fulvellum 6.0 than in other species 10.2 15.5 , while the amounts of n-6 PUFA 18:2n-6 and 20:4n-6 were similar among species Table 2 . These results suggest that the fatty acid composition of Sargassum species is species specifi c, and the contents of C 18 18:3n-3 and 18:4n-3 and C 20 20:5n-3 PUFAs vary in the algae collected from different places S. horneri and S. fulvellum were collected at different places from three other species in Japan , although Khotimchenko 8 has reported that the content of C 18 PUFA 18:2n-6, 18:3n-3, and 18:4n-3 in Sargassum algae probably does not depend on the site of collection.
Several monounsaturated fatty acids such as 9-14:1, 9-16:1, 9-17:1, 9-18:1, 9-20:1, 9-22:1 and 9-24:1 were detected in all Sargassum species examined. The predominance of 9-16:1 and 9-18:1 suggests the presence of Δ9 desaturase that primarily acts on 16:0 and 18:0 fatty acids 8 .
Interestingly, all Sargassum species studied, especially S. boreale contained a high amount of 22:6n-3, accounting for 2.5 of the total fatty acid content. The content of 22:6n-3 in algae, including the other genus Sargassum, has been reported to be less than 1 4, 6, 7, 9, 13 .
In addition to an appreciable amount of 5,9-20:2 0.4 2.3 , tri-and tetraenoic NMI acids with Δ5-unsaturation, that is, 5,11,14-20:3 0.1 0.7 and 5,11,14,17-20:4 0.1 0.6 , were detected in all Sargassum species studied Table 2 . Of these NMI acids, 5,9-20:2 was found to be the most abundant, especially rich in S. boreale 2.3 . The low level of 5,11,14-20:3 and 5,11,14,17-20:4 has also been observed in other marine algae 6 . Thus, these fi ndings indicate that bis-and polymethylene-interrupted dienoic fatty acids are more common in nature than assumed previously 25, 26 . In particular, fatty acids with a 5,9-double bond system or their chain elongation products are common in seed oils from Gymnosperms 3 or in certain marine invertebrates such as echinoderms, mollusks, and sponges 1, 2 . The 5,9-20:2 NMI acid has been identified in the phospholipids from the sea anemones Stoichactis helianthus 27 and Condylactis gigantea 28 , and the zoanthid Palythoa caribaeorum 28 , accounting for 2.3 , 3.0 , and 2.0 of the total phospholipid fatty acids, respectively. Female gonads of the limpet Cellana grata also contain this acid, but its content is very low less than 0.1 of the total fatty acids from triacylglycerols 29 . Thus, S. boreale 1, respectively, which were derived from saturated and monoenoic acids, synthesized from the acetate, but did not result from the elongation of stored fatty acids. Figure 3 gives possible biosynthetic pathways of the major or characteristic fatty acids in Sargassum species. It seems likely that similar biosynthetic pathways occur in mollusks and Sargassum species. The Δ5-NMI acids, namely, 5,9-20:2, 5,11,14-20:3, and 5,11,14,17-20:4, would be produced by the action of Δ5 desaturase from their precursor acids, namely, 9-20:1, 11,14-20:2, and 11,14,17-20:3, respectively. Meyer et al. 32 reported that both n-6 and n-3 pathways involved in the production of 20:4n-6, 20:5n-3, and 22:6n-3 were found in algae. In addition, some algae can use an alternative pathway, in which linoleic acid 18:2n-6 and α-linolenic acid 18:3n-3 are elongated to the corresponding Δ11-C 20 polyunsaturated fatty acids, necessitating subsequent Δ8 desaturation 33 .
No biological activity has been reported to date for the most encountered dienoic 20:2 and 22:2 NMI fatty acids, except for Δ5,9-NMI fatty acids, which exhibit interesting antiplasmodial activity 3 . The most promising fatty acid topoisomerase I inhibitors to date seem to be the longchain Δ5,9-NMI dienoic acids such as Δ5,9-23:2 34 . The activity of the Δ5,9-20:2 identifi ed in this study is unknown.
CONCLUSION
Using GC, Ag-ion SPE, and GC-MS techniques, we investigated in detail the fatty acid composition of the brown algae Sargassum species, and found, for the first time, 5,9-20:2 NMI acid in all the species examined. To our knowledge, this acid has not been found in other algal species. Further study on the distribution of 5,9-20:2 NMI acid in other species of algae and its biological activities is necessary to exploit the potential of algae as a source of pharmaceutical materials.
